Several lines of research have shown that spatial selection mechanisms are involved in maintaining visuo-spatial information in working memory (e.g., Awh, Anllo-Vento, & Hillyard [@CR6]; Awh, Jonides, & Reuter-Lorenz [@CR4]; Awh et al., [@CR5]; Lawrence, Myerson, & Abrams [@CR26]; Smyth & Scholey, [@CR33]; Tremblay, Saint-Aubin, & Jalbert [@CR35]). It has been suggested that covert shifts of attention or overt movements of the eyes function as a rehearsal mechanism within visuo-spatial working memory (e.g., Awh & Jonides, [@CR3]; Tremblay et al., [@CR35]). In fact, Baddeley ([@CR7]) already suggested such a role for the oculomotor system, analogous to the articulatory rehearsal of verbal material. However, even without the execution of eye movements, observers can select the memorised locations through the allocation of covert attention. Indeed, it is yet unclear whether eye movements provide any benefit for visuo-spatial working memory relative to covert attention. Even though there is a strong relationship between covert attention and eye movements (e.g., Deubel & Schneider, [@CR17]; Hoffman & Subramaniam, [@CR20]; Kowler, Anderson, Dosher, & Blaser [@CR24]; Rizzolatti, Riggio, & Sheliga [@CR30]), in some circumstances these mechanisms are dissociated (Belopolsky & Theeuwes, [@CR12]), and therefore it is feasible that they have different effects on working memory.

The view that covert attention is a rehearsal mechanism that allows spatial information to be maintained in working memory gained support from a study by Smyth and Scholey ([@CR33]). In their study, participants performed a Corsi block task, which required them to remember the order in which the stimuli had been presented. It was found that secondary tasks requiring attention shifts performed during the retention interval impaired recall in this task (see also Smyth, [@CR32]). This indicated that covert attention to the stimulus location was required during the retention interval to keep that location in working memory. Further evidence for a role of covert attention was provided by Awh, Jonides, and Reuter-Lorenz ([@CR4]), who found enhanced visual processing at locations that were held in working memory, suggesting that covert attention was directed at these to-be-remembered locations. Also, neural imaging and ERP studies of working memory tasks have demonstrated neural activity patterns (Awh et al., [@CR5], [@CR6]; Jha, [@CR22]) that were similar to the effects of covert attention.

In contrast to the covert attentional rehearsal view, Tremblay et al. ([@CR35]) have argued that rehearsal of visuo-spatial information is achieved by eye movements. This oculomotor rehearsal hypothesis is consistent with several lines of research that have pointed to some sort of relationship between memory and eye movements. Several studies have shown that participants regularly look at the previous location of a cued object, even if this location has become empty (e.g., Altmann, [@CR1]; Richardson & Spivey, [@CR29]; see also Ferreira, Apel, & Henderson [@CR18]). It has also been shown that participants execute eye movements while forming a mental image and that these eye movements are related to the contents of the image being formed (e.g., Brandt & Stark, [@CR13]; Johansson, Holsanova, & Holmqvist [@CR23]; Laeng & Teodorescu, [@CR25]). Laeng and Teodorescu further demonstrated that the eye movement pattern during imagery was correlated with the eye movement pattern during the encoding of the image, as well as that the similarity in these eye movement patterns predicted performance. Furthermore, studies by Lawrence et al. ([@CR26]) and Pearson and Sahraie ([@CR28]) showed that secondary tasks involving attention or eye movements interfere with spatial working memory, and that eye movements interfere to a greater extent than covert shifts of attention. This implies that the effect of eye movements on working memory goes beyond the accompanying shift of attention.

The only study to date that has directly examined whether the oculomotor system plays a role in rehearsal for visuo-spatial information in working memory is Tremblay et al. ([@CR35]). In their study, participants were required to memorise the order of seven sequentially presented dots. After the presentation of the dots, there was a 10-s retention interval during which all seven dots were visible. Participants were required to indicate the correct order by pointing to the dots in their presented order. The results showed that during the retention interval, participants regularly moved their eyes to pairs of dots in their correct order. Moreover, recall performance increased as a function of the number of overtly rehearsed pairs of dots. In a second experiment, participants were prevented from using eye movements to rehearse the order, because they were required to alternate in fixating the two dots closest to the upper left corner. It was found that this secondary task impaired the recall of the dot order. Tremblay et al. interpreted these results as evidence that eye movements allow visuo-spatial information in working memory to be rehearsed and that this overt rehearsal contributes to working memory over and beyond covert rehearsal by attention.

However, there are a number of reasons to question this oculomotor rehearsal hypothesis. First, even in Tremblay et al.'s ([@CR35]) study, participants overtly rehearsed only a single pair of dots on about a third of the trials, and on another third of the trials did not even overtly rehearse a single pair of dots. The degree of overt eye movement rehearsal is therefore quite limited. Second, the correlational relationship between overt rehearsal and recall could well be due to the fact that both overt rehearsal and recall depend on how well the dot order was initially encoded and remembered at the start of the retention interval; if participants start the retention interval already with a poor memory of the order, they will not be able to adequately rehearse this order during the retention interval. Finally, it is important to note that for Tremblay et al., the actual stimuli were available in the external environment during the retention interval. This is in contrast to the studies of Awh and colleagues (e.g., Awh et al., [@CR4], [@CR5], [@CR6]), in which participants memorised stimulus locations while the stimuli were no longer visible. Having the stimuli present allows participants to further encode the stimulus locations and is likely to motivate the execution of eye movements.

To examine whether overt eye movements contribute to the maintenance of visuo-spatial material in working memory, it is critical to directly manipulate eye movement behaviour. In the present study, we conducted two experiments to test the contribution of eye movements in visuo-spatial working memory. In both experiments, participants viewed displays containing a number of digits. After the digits were removed, there was a retention interval during which the display was blank. Either participants were instructed to move their eyes to a selection of the memorised locations (Exp. 1) or to keep their eyes fixed (Exp. 2) during the retention interval, or they were free to move their eyes (Exps. 1 and 2). After the retention interval, participants were required to indicate the locations of the digits in ascending numerical order with mouse responses. See Fig. [1](#Fig1){ref-type="fig"} for an illustration of the display sequence. If eye movements facilitate the maintenance of visuo-spatial information in working memory, we expected that participants would respond more accurately to the subset of items that they fixated, and that memory performance would be better when they were free to move their eyes than when they were instructed to remain fixated on a single location. Fig. 1The display sequence in [Experiment 1](#Sec1){ref-type="sec"}. After pressing a key or mouse button, the digits 1--6 appeared on the display ("Digit Display"), and participants were required to remember their locations across a retention interval (7.5 s). Responses were given with nonspeeded mouse responses to the digits in ascending order

Experiment 1 {#Sec1}
============

In Experiment 1, participants were instructed to make eye movements during the retention interval either to the memorised locations of the first three digits or to the memorised locations of the last three digits. Performance in these two conditions was compared to a condition with a free-eye-movement instruction, in which they were free to move their eyes however they wished. All to-be-remembered stimuli were presented simultaneously, since this allowed us to examine oculomotor behaviour during encoding without the limitations imposed by a sequential presentation. Nevertheless, the required responses were in a predetermined order (from low to high numerical order), so that participants could not perform the task by memorising the global pattern of the digits. The predetermined serial order was expected to motivate the use of a rehearsal strategy (see, e.g., Tremblay et al., [@CR35]).

Method {#Sec2}
------

**Participants** After giving their informed consent, 9 students from Vrije Universiteit Amsterdam with normal or corrected-to-normal vision participated for course credit.

**Apparatus** A Pentium-based computer with a 21-in. colour monitor controlled the timing of the events and generated stimuli. Eye movements were recorded by means of an Eyelink 1000 tracker (SR Research), a video-based eyetracker sampling at 1000 Hz. Each participant was tested in a dimly lit room. They held their head on a chinrest, located 70 cm away from the monitor.

**Stimuli, procedure, and design** At the start of each trial, participants viewed a small, white, centrally presented fixation cross on a black background. After they had fixated the central cross, a spacebar response recalibrated the gaze point to the central location. The fixation cross was then removed, and the digits 1--6 were presented in white at random locations within a window of 18.75º × 18.75º of visual angle, with the restriction that each digit was at least 5º from all other digits. This digit display was presented for 10 s, after which participants viewed a blank display for 7.5 s (the retention interval). After the retention interval, the mouse pointer appeared and the same digits were presented auditorily in ascending numerical order to probe memory of the digit locations. Participants were required to indicate the location of each digit by directing the mouse pointer to its memorised location and pressing the left mouse button. Each digit was presented directly after the participant had responded to the previous digit. See Fig. [1](#Fig1){ref-type="fig"} for an illustration of the trial sequence. The mouse responses were nonspeeded, and participants were instructed to respond as accurately as they could. The eye movement instruction was varied between blocks. In some blocks, participants were free to move their eyes during the retention interval (the free condition). In other blocks, they were instructed to restrict their eye movements to the remembered locations of the first three digits (the first-three condition). In yet other blocks, they were instructed to move their eyes to the remembered locations of the last three objects (the last-three condition). In all blocks, participants were free to move their eyes before and after the retention interval. There were six blocks of 18 trials apiece (two blocks per eye movement instruction condition), and block order was counterbalanced across participants.

Results {#Sec3}
-------

**Mouse response errors** The proportion of order errors, in which participants indicated the correct location of a digit but in the wrong order, was very low (typically around 5%), and therefore we decided to use the mean mouse response error as the dependent measure. For each mouse response, we calculated the deviation of the response from the digit location, and these values were averaged for each condition, resulting in a measure of mean mouse response error. Figure [2](#Fig2){ref-type="fig"} shows the mean mouse response errors as a function of each condition. An ANOVA on mean mouse response error with the factors eye movement instructions (free, first-three, and last-three) and digit (1--6) revealed significant main effects of eye movement instructions, *F*(2, 16) = 22.72, *p* \< .001, and digit, *F*(5, 40) = 21.56, *p* \< .001, as well as a significant interaction between eye movement instructions and digit, *F*(10, 80) = 3.82, *p* \< .001. Planned *t* tests revealed significantly reduced mouse response errors, relative to the free eye movement condition, in the first-three condition for digit 1, *t*(8) = 2.51, *p* \< .04, and digit 3, *t*(8) = 2.40, *p* \< .05, as well as nonsignificant trends towards reduced errors for digit 2, *t*(8) = 1.62, *p* \< .15, and digit 4, *t*(8) = 1.86, *p* \< .10. There were significantly increased mouse response errors, relative to the free eye movement condition, in the last-three condition for digit 2, *t*(8) = 4.31, *p* \< .01, digit 3, *t*(8) = 4.52, *p* \< .01, digit 5, *t*(8) = 2.38, and digit 6, *t*(8) = 4.73, *p* \< .001. Finally, there were nonsignificant trends towards increased errors in the last-three condition for digit 1, *t*(8) = 1.63, *p* \< .015, and in the first-three condition for digit 6, *t*(8) = 1.69, *p* \< .15. Fig. 2Mean mouse response errors for each of the digits as a function of the eye movement instructions (free, first three, or last three) in [Experiment 1](#Sec1){ref-type="sec"}

**Eye movements during digit display** The fixation time on each digit was defined as the total amount of time participants fixated near a particular digit within a margin of 2.5º (i.e., half the minimum distance between any two digits). The mean fixation times during the digit display are plotted in Fig. [3](#Fig3){ref-type="fig"}. An ANOVA on the mean fixation durations during the digit display revealed a significant main effect of digit, *F*(5, 40) = 14.09, *p* \< .001, as well as a significant interaction between eye movement instructions and digit, *F*(10, 80) = 5.66, *p* \< .001, but no significant effect of the eye movement instructions, *F*(2, 16) = 2.27, *p* \> .10. As can be seen in Fig. [3](#Fig3){ref-type="fig"}, participants spent more time fixating digits that they would be required to fixate during the retention interval. Fig. 3Mean fixation times near each of the digit locations during the digit display as a function of the eye movement instructions (free, first three, or last three) in [Experiment 1](#Sec1){ref-type="sec"}

**Eye movements during the retention interval** The mean fixation times during the retention interval plotted in Fig. [4](#Fig4){ref-type="fig"} reveal that participants followed the instructions in the first-three and last-three conditions to restrict their fixations to a subset of the remembered digit locations. In the free eye movement condition, a significant effect of digit was found, *F*(1, 5) = 4.24, *p* \< .01, reflecting a primacy effect in eye movement behaviour. When the analyses were restricted to the to-be-fixated locations, the effect of digit failed to reach significance for the first-three condition, *F*(2, 16) = 2.01, *p* \> .15, as well as for the last-three condition, *F*(2, 16) = 3.40, *p* \> .05. Fig. 4Mean fixation times near each of the digit locations during the retention interval as a function of the eye movement instructions (free, first three, or last three) in [Experiment 1](#Sec1){ref-type="sec"}

Discussion {#Sec4}
----------

[Experiment 1](#Sec1){ref-type="sec"} showed that response accuracy was significantly affected by which locations were chosen as saccade goals. Executing saccades to the memorised locations of the first three digits provides a benefit for these locations. However, executing saccades to the memorised locations of the last three digits did not improve memory for these locations, and even impaired memory for digits 5 and 6, as well as for the nonfixated digits. Executing saccades to the higher digits was clearly an inferior strategy, and it is therefore understandable that participants in the free eye movement condition spent more time fixating the lower digits. This implies that eye movements have a strong effect on working memory performance, but, given the impaired memory performance in the last-three condition, they do not necessarily improve performance.

Experiment 2 {#Sec5}
============

The results of [Experiment 1](#Sec1){ref-type="sec"} demonstrated that eye movements do not necessarily improve performance in a visuo-spatial working memory task. However, in the free eye movement condition, participants regularly chose to execute saccades during the retention interval. It is still unclear whether these eye movements actually facilitated memory, since it is possible that covert attention can accomplish memory rehearsal just as well without the execution of eye movements. In order to further examine the role of eye movements in visuo-spatial memory rehearsal, in [Experiment 2](#Sec5){ref-type="sec"} we compared a free eye movement condition with a condition in which participants were instructed to remain fixated at a single location during the retention interval. Participants were allowed to select whichever fixation location they wished in the fixate condition, so that they were not forced to fixate a task-irrelevant location such as the central location. Thus, the only difference between the two eye movement instruction conditions was that in the fixate condition, participants fixated a single, freely chosen location, while in the free eye movement condition they were allowed to select as many freely chosen locations as they wished and were allowed to execute as many saccades as they wished.

If eye movements facilitate the maintenance of visuo-spatial information in working memory, we would expect that participants would respond more accurately when they were free to move their eyes than when they were instructed to remain fixated on a single location. In contrast, if eye movements do not contribute to visuo-spatial working memory to a greater extent than covert attention, we would expect recall accuracy to be no greater in the free eye movement condition than in the fixate condition.

In addition to changing the eye movement instructions relative to [Experiment 1](#Sec1){ref-type="sec"}, we also decided to manipulate the eye movement instructions within blocks of trials, instead of the between-block manipulation of [Experiment 1](#Sec1){ref-type="sec"}. The results of [Experiment 1](#Sec1){ref-type="sec"} demonstrated that participants already altered their eye movement strategies during encoding, depending on the eye movement instructions for the retention interval. Since there is evidence that eye movements during encoding can affect memory recall (Saint-Aubin, Tremblay, & Jalbert [@CR31]), we decided to provide the eye movement instructions after the removal of the digit display.

Method {#Sec6}
------

**Participants** After giving their informed consent, 14 students from Vrije Universiteit Amsterdam with normal or corrected-to-normal vision participated for course credit.

**Stimuli, procedure, and design** The experiment was the same as [Experiment 1](#Sec1){ref-type="sec"}, except for the eye movement instructions, which were varied within blocks. On each trial, 200 ms after the removal of the digits, a small white fixation point was presented at the centre of the screen. After 1,000 ms, the colour of the fixation point changed to either red or green for 1,000 ms, after which it was removed from the screen. If the fixation point was red, participants were required to fixate a single location during the retention interval (fixate condition). If the fixation point was green, participants were free to move their eyes any way they wished (free condition). Participants were informed that they were free to pick any location on the screen to fixate in the fixate condition. This instruction meant that participants were not forced to fixate a task-irrelevant location (i.e., the central location), so the only difference between the free and fixate conditions was whether participants could execute saccades during the retention interval. There were five blocks of 18 trials, and each block had 9 trials from the fixate condition and 9 from the free condition, and the order of trials was randomised within blocks.

Results {#Sec7}
-------

**Mouse response errors** Fig. [5](#Fig5){ref-type="fig"} shows the mean mouse response errors for each digit in the fixate condition and the free condition. An ANOVA on the mean mouse response errors with the factors eye movement instructions (free, fixate) and digit (1--6) revealed a significant main effect of digit, *F*(5, 65) = 10.10, *p* \< .001, and a significant interaction between eye movement instructions and digit, *F*(5, 65) = 2.54, *p* \< .04, but no effect of eye movement instructions, *F*(1, 13) = 1.19, *p* \> .25. As can be seen in Fig. [5](#Fig5){ref-type="fig"}, the interaction reflects a slight advantage for the fixate condition for the lowest digits, which turns in to a slight advantage for the free condition for the higher digits. However, only the planned *t* test for the digit 5 reached significance, *t*(13) = 2.42, *p* \< .04, while there were nonsignificant trends for digit 1, *t*(13) = 1.64, *p* \> .10, and digit 4, *t*(13) = 1.65, *p* \> .10. After a Bonferroni correction for multiple comparisons, none of the *t* tests came close to significance. Fig. 5Mean mouse response errors for each of the digits as a function of the eye movement instructions (free or fixate) in [Experiment 2](#Sec5){ref-type="sec"}

**Eye movements during digit display** The mean fixation times during the digit display are plotted in Fig. [6](#Fig6){ref-type="fig"}. An ANOVA on the mean fixation durations during the digit display revealed a significant main effect of digit, *F*(5, 65) = 6.65, *p* \< .001, but no effect of eye movement instructions, *F*(1, 13) \< 1, and no interaction between eye movement instructions and digit, *F*(5, 65) = 2.11, *p* \> .05. Indeed, any nonsignificant differences between the free condition and the fixate condition must be due to chance, given the fact that participants were unaware of the eye movement instructions while they were encoding the digits. Fig. 6Mean fixation times near each of the digit locations during the digit display as a function of the eye movement instructions (free or fixate) in [Experiment 2](#Sec5){ref-type="sec"}

**Eye movements during retention interval** The mean fixation times during the retention interval are plotted in Fig. [7](#Fig7){ref-type="fig"}. There was no effect of eye movement instructions, *F*(1, 13) \< 1, but there was a significant effect of digit, *F*(5, 65) = 3.33, *p* \< .01, and a significant interaction between eye movement instructions and digit, *F*(5, 65) = 2.63, *p* \< .04. Planned comparisons for each digit between the fixate and free eye movement conditions did not produce any significant differences, although there were nonsignificant trends towards more time spent at digit 1 in the fixate condition, *t*(13) = 1.56, *p* \> .10, and more time spent at digits 3 and 4 in the free condition, *t*(13) = 1.57, *p* \> .10, and *t*(13) = 2.12, *p* \> .05. As can be seen in Fig. [7](#Fig7){ref-type="fig"}, the main difference between the two conditions, responsible for the significant interaction, is that some participants typically chose to fixate the remembered location of digit 1 in the fixate condition. However, different fixation strategies were chosen by different participants, and the range of mean fixation durations on digit 1 between participants varied from 0.4 to 5.3 s, and because of this large variation between participants, none of the planned comparisons reached significance. Fig. 7Mean fixation times near each of the digit locations during the retention interval as a function of the eye movement instructions (free or fixate) in [Experiment 2](#Sec5){ref-type="sec"}We also examined the total numbers of eye movements (greater than 2º of visual angle) executed during the retention interval in the fixate and free conditions, to check whether participants followed the eye movement instructions. On average, participants executed 1.1 saccades in the fixate condition and 14.3 saccades in the free condition, thereby confirming that they chose a single location to fixate in the fixate condition, while they executed several saccades in the free eye movement condition.

Discussion {#Sec8}
----------

[Experiment 2](#Sec5){ref-type="sec"} has shown that executing sequences of saccades between the memorised locations of the digits did not improve memory recall relative to a condition in which participants were required to fixate a single location. Even though participants executed approximately 14 saccades on average during the retention interval in the free eye movement condition, against just a single saccade in the fixate condition (towards a location that would be fixated throughout the retention interval), the mean mouse response errors did not differ significantly between the two conditions. Additionally, we replicated the finding of [Experiment 1](#Sec1){ref-type="sec"} that participants prioritised the lower digits; they fixated longer on the lower digits during encoding, and this corresponded with a better memory recall for the lower digits.

General discussion {#Sec9}
==================

The present study examined the effect of eye movements on the retention of visuo-spatial information in working memory. Participants performed a visuo-spatial working memory task in which they were required to memorise the locations of a number of digits in ascending numerical order. The critical manipulation was the eye movement instructions for the retention interval. [Experiment 1](#Sec1){ref-type="sec"} demonstrated that the instruction to move the eyes to the memorised locations of the first three digits resulted in a selective improvement for these locations, whereas the instruction to execute saccades to memorised locations of the last three digits resulted in an impairment, not only for the nonfixated digits, but even for some of the fixated digits (5 and 6). [Experiment 2](#Sec5){ref-type="sec"} demonstrated that the freedom to execute multiple saccades between the digits during the retention interval did not result in better memory recall relative to a condition in which participants fixated a single location.

The results of the present study indicate that overt eye movements do not provide any benefit relative to the covert attentional mechanisms that have already been shown to be involved in working memory (e.g., Awh et al., [@CR4], [@CR5], [@CR6]; Awh & Jonides, [@CR3]; Jha, [@CR22]; Smyth, [@CR32]; Smyth & Scholey, [@CR33]). Nevertheless, participants in the free eye movement conditions of both experiments tended to fixate the lower digits more than the higher digits during the retention interval, and these were precisely the digits that were best memorised. This finding should not be mistaken as evidence for the superiority of overt rehearsal over covert rehearsal. In fact, this finding merely shows that participants prioritise the lower digits over the higher digits, as in the classic primacy effect, because this results in better overall memory performance. It is plausible that even when participants do not execute eye movements during the retention interval, either because of the task instructions or because of a deliberate strategy, they covertly attend more to the lower digits than to the higher digits. Moreover, the priority given to the lower digits can also be seen by the eye movement behaviour during the digit display; even during the encoding of the digits, more time is spent on the lower digits.

The memory recall impairment in the last-three condition and the priority given to the lower digits suggests that serial memory recall benefits when rehearsal prioritises the items with the lowest serial order position. Given the tight link between attention and eye movements (e.g., Deubel & Schneider, [@CR17]; Hoffman & Subramaniam, [@CR20]; Kowler et al., [@CR24]), the instruction to saccade to the last three digits during the retention interval also hindered covert attentional deployment to the memorised locations of the first three digits. Despite the fact that eye movements during the retention interval did not improve performance, in the present study participants generally chose an eye movement strategy when they were free to do so. This is consistent with previous research that has shown that participants regularly execute saccades during visual imagery or working memory tasks. For example, Altmann ([@CR1]) presented visual scenes containing two people and two objects, and after removing the scene asked participants to listen to a related sentence. It was found that participants regularly moved their eyes to the now empty locations that corresponded to the spoken sentence. Similarly, Richardson and Spivey ([@CR29]) presented in their [Experiment 1](#Sec1){ref-type="sec"} a sequence of talking heads, each in a separate quadrant. Each of these heads delivered a certain fact to be remembered. Subsequently, a test fact was presented that was related to one of the four presented facts, and participants were required to indicate whether or not this test fact was true. After hearing the test fact, participants frequently executed saccades to the corresponding quadrant, even though there was now nothing to be seen there. Richardson and Spivey found that looking at the critical quadrant did not improve memory performance (see also Hoover & Richardson, [@CR21], for a similar finding). They interpreted their findings as support for O'Regan's ([@CR27]) view of the world as an external memory store. According to this view, observers make use of the general stability of the external world by returning their eyes to a remembered location, since this will often provide better information than an internal memory search would. Altmann proposed that these eye movements to empty remembered locations are the result of an episodic trace, which includes a spatial index of the object or event. Activating the trace activates the spatial index, and this automatically triggers a saccade to its remembered location. In Richardson and Spivey's and Altmann's studies, these eye movements were not seen as actually improving memory, but Ferreira et al. ([@CR18]) proposed an alternative. Their model posits an integrated memory representation consisting of associated visual, linguistic, conceptual, and spatial-location information. Activation of any part of the representation facilitates the activation of the other parts. Thus, an eye movement to a remembered location will facilitate the retrieval of visual, linguistic, and conceptual information, because they are linked to the spatial-location information. In this view, the saccade to a remembered location is functional, not because the object might still be there in the external world, but because of internal memory facilitation. Note, however, that this memory facilitation would also be expected to work for covert shifts of attention. According to the reasoning behind this model, when an observer covertly shifts attention to a remembered location, this activation of spatial-location information would also be expected to facilitate retrieval of other parts of the memory trace.

Although previous studies that have examined looking at remembered locations have nicely demonstrated a strong link between working memory and spatial selection (covert or overt), selecting a single location in response to a memory cue is quite different from strategically rehearsing multiple spatial locations. It is clear that in the present task, eye movements did not facilitate overall memory performance. This does not imply, however, that eye movements never facilitate memory performance. In the present study, the display was kept completely blank, and there was no visual information on the display that could be used to improve memory. In contrast, in Tremblay et al. ([@CR35]) the stimuli were present during the retention interval, so that only the presentation order of the stimuli was uncertain. This makes overt rehearsal of the order much easier than in a blank display. In this manner, overt rehearsal becomes not just an implicit memory aid, but makes use of further visual processing to improve memory. However, when the display is completely blank, eye movements are directed to empty locations, and there is no external feedback concerning the accuracy of the eye movements. Yet even with a completely blank display, it is likely that participants are able to exploit some external visual information. Specifically, they might memorise spatial locations in relation to the frame of the monitor. Therefore, while the present study has provided evidence against the view of the oculomotor system as a rehearsal mechanism for visuo-spatial material, observers might under certain circumstances move their eyes to certain locations to benefit from external cues.

Another possible strategy that participants might adopt is to make use of some form of verbal encoding. Most likely, participants verbally rehearse the name of the digit when they are attending a specific digit. For example, if they attend (overtly or covertly) the locations of 1, 2, and 3, in that order, they could bind the spatial locations with the names of the digits and repeat "one," "two," "three" in their phonological loop. Indeed, Guérard, Tremblay, and Saint-Aubin ([@CR19]) found that phonological similarity of letters impaired the recall of their spatial locations, suggesting that phonological rehearsal was involved in memorising the spatial locations of these letters. It might even be possible that participants verbally encode and rehearse the locations in a more elaborate way, by using words like "left," "right," "top," bottom," and "centre." For example, the digits from Fig. [1](#Fig1){ref-type="fig"} might be recoded as "three, bottom right," "five, top left," and so forth. However, with six digits to be remembered, such elaborate verbal encoding would overtax the abilities of phonological rehearsal, which can typically rehearse just a few seconds of verbal material (see Baddeley, [@CR9], for a review). Nevertheless, in the present study, random locations on the display were chosen (with the only restrictions being that the digits were presented within a window of 18.75º × 8.75º of visual angle, with each digit at least 5º from all other digits) and no framework or grid was used (in contrast with, e.g., Laeng & Teodorescu, [@CR25], and Brandt & Stark, [@CR13]), in order to prevent relatively easy recoding of the locations. Participants were required to be as precise as possible, and a verbal code like "top left" would generally not result in accurate responses. Viewed within the context of Baddeley's ([@CR7], [@CR8]; Baddeley & Hitch, [@CR10]) working memory model, it is likely that participants would make use of both the phonological loop---rehearsing the names of the digits---and the visuo-spatial sketchpad---rehearsing (covertly and/or overtly) the spatial locations of these digits. However, even though the possibility of more elaborate verbal encoding cannot be entirely excluded, such encoding would have occurred equally in the free eye movement condition and the fixate condition of [Experiment 2](#Sec5){ref-type="sec"}. During encoding of the digit display of that experiment, participants did not know whether they would be free to make multiple saccades during the retention interval, so the strategies during encoding could not have differed between these conditions.

The present findings are consistent with the view that covert attention rehearses visuospatial information in working memory. Although there was no direct measure of covert attention in the present study, previous research had demonstrated that observers do attend to locations when maintaining visuo-spatial information in working memory (e.g., Awh et al., [@CR5], [@CR6]; Jha, [@CR22]; see also Awh & Jonides, [@CR3]). Furthermore, allocating attention to a secondary task disrupts the maintenance of visuo-spatial information in working memory (Awh et al., [@CR4]; Smyth & Scholey, [@CR33], [@CR34]), suggesting that attentional allocation is required. However, given the evidence for a role of covert attention and the present evidence that eye movements do not provide a further benefit, it remains to be explained why secondary tasks involving eye movements disrupt working memory performance to a greater extent than those that merely involve covert attention (Lawrence et al., [@CR26]; Pearson & Sahraie, [@CR28]). It is important to realise that secondary tasks requiring eye movements also have implications for attentional selection. It is well known that attention and eye movements are strongly related (see, e.g., Corbetta et al., [@CR16]; Rizzolatti et al., [@CR30]; see also Awh et al., [@CR2]) and that attention precedes the eyes to the saccade goal (e.g., Deubel & Schneider, [@CR17]; Hoffman & Subramaniam, [@CR20]; Kowler et al., [@CR24]). It is quite plausible that the attention requirements of saccade goal selection are different from those of covertly attending without the intention of moving the eyes. In fact, recent evidence from single-cell recordings in monkeys has shown that covert shifts of attention during a visual search task can take a mere 40 ms (Buschman & Miller, [@CR15]), which is much faster than executing sequences of eye movements. If a task requires covert attention to lead the way for overt eye movements, it is likely that attention will operate more slowly and be less flexible than can be achieved during an extended period of fixation. In addition, secondary tasks requiring eye movements also result in the shifting of the frame of reference. If observers can hold on to spatial locations in working memory in retinal coordinates, then the execution of eye movements will require the memorised locations to be updated across eye movements.

The finding that eye movement execution did not improve overall memory performance in the present study does not preclude a more limited role for the oculomotor system in the rehearsal of visuo-spatial material in working memory. That is, the oculomotor-rehearsal hypothesis could be reconciled by suggesting that the actual execution of the eye movement is not what facilitates working memory of visuo-spatial material, but rather the programming of eye movements. From this perspective, rehearsal is achieved by an implicit eye movement---an eye movement program without actual motor acts---much as rehearsal of verbal material can be achieved by implicit speech, or articulatory rehearsal without actual motor acts (e.g., Baddeley, [@CR7]; Baddeley, Thompson, & Buchanan [@CR11]; Buchsbaum & D'Esposito, [@CR14]).

Although moving the eyes between multiple digits did not improve memory recall in the present study, it also did not cause an impairment. This suggests that rehearsal during memory retention can operate equally well overtly, with sequences of eye movements, and covertly, with attention shifts during fixation.
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